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Abstract
In the context of the left-right twin Higgs (LRTH) model, we first examine the effects on the
Ztt¯ production at the ILC and LHC. Our results show that the cross-sections can be significantly
deviated from the standard model predictions and thus provide a good probe for the LRTH model.
We also estimate the new production channel, ZtT¯ or Zt¯T production, at the LHC. Compared
with Ztt¯ production, we find that the ZtT¯ production can have a sizable production rate when the
scale f is not too high. Considering the dominant decay mode T → φ+b→ tbb¯, we find that ZtT¯
final state has less background than Ztt¯ production and may likely be observable at the LHC.
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I. INTRODUCTION
The direct evidence for the top quark was presented in 1995 by the CDF and D0 col-
laborations [1]. From that time on, top quark physics has always been one of the central
physical topics at the Large Hadron Collider (LHC) and the future International Linear Col-
lider (ILC). The top quark is the heaviest particle in the standard model (SM), so it is widely
speculated that the properties of the top quark are sensitive to new physics. Deviations of
experimental measurements from the SM predictions would indicate new non-standard top
production or decay mechanisms. One of particular interest is the large top quark forward-
backward asymmetry observed at the Tevatron may imply the new physics in the top quark
sector [2].
The probe of the couplings between the top quark and gauge bosons, such as γtt¯, Ztt¯
and Wtb, is another way to discover new physics. Because of the small cross-section, Ztt¯
coupling is not observable at the Tevatron. On the contrary, these couplings can be measured
precisely at the LHC [3]and the ILC [4]. And many relevant works focusing on pp → Ztt¯
at the LHC [5] and e+e−(γγ)→ Ztt¯ at the ILC [6] in the SM and beyond have been done.
Recently, the CMS Collaboration [7]and the ATLAS Collaboration [8] have, respectively,
published the first set of results using the
√
s = 7 TeV pp collision data by the trilepton
channel, in which the Z boson decays to a pair of leptons and one of the W bosons coming
from t→Wb decays, gives rise to a lepton after decay. The measured values are compatible
within uncertainties with the next-to-leading order(NLO) SM calculations.
To solve the little hierarchy problem of the SM, the left-right twin Higgs (LRTH) model
was proposed and regarded as an alternative candidate for new physics [9–11]. The phe-
nomenology of the LRTH model has been widely discussed in Refs. [12, 13]. In this model, a
top partner (denoted as T -quark) is contained. Due to the mixing between t and T , the Ztt¯
coupling is modified. Moreover, the T -quark can contribute to the Ztt¯ production process
through its virtual effects. The precision measurements of Ztt¯ production at high energy col-
liders make it possible to unravel the new physics effects or constrain the model parameters.
In addition, the new production channel ZtT¯ or Zt¯T productions can be implemented at
the LHC. This new production channel has the different final states from the Ztt¯ production
due to the dominant decay T → φ+b→ tb¯b. A search for this new effect will provide a good
probe to detect the LRTH model.
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This paper is organized as follows. In Sec.II we briefly review the LRTH model related to
our calculations. We study the Ztt¯ production at the ILC in Sec.III and the Ztt¯ production
at the LHC in Sec.IV, respectively. In Sec.V we study the new production channel ZtT¯ or
ZT t¯ at the LHC. Finally, we give our conclusions in Sec.VI.
II. A BRIEF REVIEW OF THE LRTH MODEL
Here we will briefly review the ingredients which are relevant to our calculations, and a
detailed description of the LRTH model can be found in Ref. [12].
The LRTH model is based on the global U(4)1 × U(4)2 symmetry with a locally gauged
subgroup SU(2)L × U(2)R × U(1)B−L. Under the global symmetry, two Higgs fields,
H = (HL, HR) and Hˆ = (HˆL, HˆR), are introduced and each transforms as (4,1) and (1,4),
respectively. HL,R(HˆL,R) are two component objects which are charged under SU(2)L and
SU(2)R, respectively. The global U(4)1[U(4)2] symmetry is spontaneously broken down
to its subgroup U(3)[U(3)] with non-zero vacuum expectation values (VEVs) as < H >
=(0, 0, 0, f) and H =(0, 0, 0, fˆ). Each spontaneously symmetry breaking results in seven
Nambu-Goldstone bosons. Three Goldstone bosons are eaten by the massive heavy gauge
bosons W±H and ZH , while the remaining Goldstone bosons contain three physical Higgs φ
0
and φ±. The mass of the heavy gauge bosons can be expressed as:
M2WH =
1
2
g2(fˆ 2 + f 2 cos2 x), (1)
M2ZH =
g2 + g′2
g2
(M2W +M
2
WH
)−M2Z , (2)
where g = e/SW , g
′ = e/
√
cos 2θW , SW = sin θW , θW is the Weinberg angle. x = v/(
√
2f),
and v is the electroweak scale, the values of f and fˆ will be bounded by electroweak precision
measurements. In addition, f and fˆ are interconnected once we set v =246 GeV.
The mass of the light SM-like top quark and its partner heavy top quark T are
m2t =
1
2
(M2 + y2f 2 −Nt), M2T =
1
2
(M2 + y2f 2 +Nt), (3)
where Nt =
√
(y2f 2 +M2)2 − y4f 4 sin2 2x. Provided MT ≤ f and the parameter y is of
order one, the top Yukawa coupling will also be of order one. The mass parameter M is
essential to the mixing between the SM top quark and its partner T . At the leading order
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of 1/f , the mixing angles can be written as:
SL = sinαL ≃
M
MT
sin x, SR = sinαR ≃
M
MT
(1 + sin2 x), (4)
The couplings expression forms which are related to our calculations are given as follows
[12]:
gZtT¯L =
eCLSL
2CWSW
, gZtT¯R =
ef 2x2SWCRSR
2fˆ 2C3W
; (5)
gZtt¯L =
e(3C2L − 4S2W )
6CWSW
, gZtt¯R = −
2eS2W
3CWSW
; (6)
gZe
+e−
L =
e(−1
2
+ S2W )
SWCW
, gZe
+e−
R =
eSW
CW
; (7)
gZHtT¯L =
eCLSLSW
2CW
√
cos 2θW
, gZHtT¯R = −
eCRSRCW
2SW
√
cos 2θW
; (8)
gZHe
+e−
L =
eSW
2CW
√
cos 2θW
, gZHe
+e−
R =
e(1− 3 cos 2θW )
4SWCW
√
cos 2θW
; (9)
VhZµZν =
emW gµν
SWC
2
W
, VhZµZHν =
e2fxgµν√
2C2W
√
cos 2θW
; (10)
Vhtt¯ = −
emtCLCR
2mWSW
; (11)
where C2L = (1− S2L), C2R = (1− S2R).
III. PRODUCTION OF Ztt¯ AT THE ILC
In this section, we study the process e+e− → Ztt¯ in the LRTH model at the ILC. The
relevant Feynman diagrams are shown in fig.1. In comparison with the SM, we can see there
are additional diagrams mediated by the ZH gauge boson and the heavy T -quark in the
LRTH model.
In our numerical calculations, we take the SM parameters as follows [14]:
α(mZ) = 1/128.8, sin
2 θW = 0.231,
mt = 172.4 GeV, mh = 125 GeV [15], mZ = 91.2 GeV. (12)
In addition, there are some LRTH model parameters involved in the amplitudes, they are
f(fˆ) and M . The parameter fˆ can be determined by requiring that the SM Higgs boson
obtains an electroweak symmetry breaking VEV of 246 GeV. The top Yukawa coupling
constant y can also be determined by fitting the experimental value of the top quark mass
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FIG. 1: Feynman diagrams for e+e− → Ztt¯ in the LRTH model at the ILC.
mt. Following Ref. [12], we vary the scale f in the range of 500 GeV ≤ f ≤1500 GeV and
take the mixing parameter M = 100 GeV, 150 GeV, 200 GeV as an example.
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FIG. 2: (a) The deviation from the SM prediction of the Ztt¯ production cross section versus the
scale f and (b) the Ztt¯ production cross section as functions of the center-of-mass energy
√
s.
In fig.2(a), we show the deviation from the SM prediction of the Ztt¯ production cross-
section R1 = (σ
LRTH−σSM)/σSM as function of the scale f for the three values of the mixing
parameter M at the ILC for
√
s = 500 GeV. We can see that the deviation is negative so
that the LRTH contributions decrease the SM cross-section. When the scale f increases,
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the deviation from the SM prediction R1 become small, which indicates that the effects of
the LRTH model will decouple at the high scale f . The maximum value of the deviation
from the SM prediction R1 can reach −14% in the allowed parameter space. In fig.2(b), we
show the production cross section σ as function of center-of-mass energy
√
s in the LRTH
model and the SM for f = 1000 GeV, M = 150 GeV at the ILC, respectively. Since the
process proceeds mainly through the s-channel, we can see that the tt¯Z cross-sections first
increase and then decrease with the increasing values of
√
s.
According to the Ref.[16], if only one tt¯V (V = γ, Z) coupling at a time is allowed to
deviate from its SM value, a linear e+e− collider operating at
√
s = 500 GeV with an
integrated luminosity of 100 ∼ 200 fb−1 would be able to probe all Ztt¯ couplings with a
precision of 1 ∼ 5%.
IV. PRODUCTION OF Ztt¯ AT THE LHC
The production of Ztt¯ at the LHC can proceed through gg fusion or qq¯ annihilation, the
relevant Feynman diagrams are shown in fig.3.
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FIG. 3: Feynman diagrams for Ztt¯ production in the LRTH model at the LHC.
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The relevant SM parameters are taken as follows
mt = 175 GeV, mZ = 91.2 GeV,
α(mZ) = 1/128, αs = 0.1172, sin
2 θW = 0.231. (13)
For the relevant LRTH parameters, we also take 500 GeV ≤ f ≤ 1500 GeV and M =
100 GeV, 150 GeV, 200 GeV. In our calculations, we used the CTEQ5M patron distribution
functions [17].
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FIG. 4: The deviation from the SM prediction of the Ztt¯ production cross section as functions
ofthe scale f for
√
s = 8 TeV(a) and
√
s = 14 TeV(b), respectively.
In fig.4(a) and fig.4(b) we show the deviation from the SM prediction R2(R3) =
(σLRTH − σSM)/σSM of the Ztt¯ production cross-section as a functions of the scale f for
√
s = 8 TeV and
√
s = 14 TeV, respectively. We can see that the deviation from the SM
prediction parameter R2 can reach −14% and R3 can reach −23%. According to Ref. [18],
the improvement is particularly pronounced for the Ztt¯ axial vector coupling which can be
measured with a precision of 3 ∼ 5% at the luminosity-upgraded LHC (3000 fb−1). From
these two figures we also can see that the deviation from the SM prediction decrease the SM
cross-section in the allowed parameter space, which makes the observation of this production
channel even harder.
V. PRODUCTIONS OF ZtT¯ AND ZT t¯ AT THE LHC
Like the Ztt¯ production, the new production channel ZtT¯ or ZT t¯ can proceed through
gg fusion or qq¯ annihilation at the LHC, the relevant Feynman diagrams are shown fig.5.
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FIG. 5: Feynman diagrams for ZtT¯ production in the LRTH model at the LHC.
500 600 700 800 900 1000 1100 1200 1300 1400 1500
1E-5
1E-4
1E-3
0.01
0.1
1
10
=8 TeVs
 
 
(fb
)
f (GeV)
(a)
 M=200 GeV
 M=150 GeV
 M=100 GeV
500 600 700 800 900 1000 1100 1200 1300 1400 1500
1E-4
1E-3
0.01
0.1
1
10
100
=14 TeVs
 
 
(fb
)
f (GeV)
(b)
 M=200 GeV
 M=150 GeV
 M=100 GeV
FIG. 6: The (ZtT¯ + ZT t¯) production cross section as functions of the scale f for
√
s = 8 TeV (a)
and
√
s = 14 TeV(b), respectively.
In fig.6 we plot the (ZtT¯+ZT t¯) production cross-section σ as a function of the scale f and
the three values of the mixing parameter M for
√
s = 8 TeV and
√
s = 14 TeV, respectively.
We can see that the production cross-section σ is very sensitive to the parameters f and M .
On the other hand, the cross-section value decreases quickly as the parameter f increase. For
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√
s = 14 TeV, M =150 GeV and 500 GeV ≤ f ≤ 1000 GeV, the value of the total hadronic
cross-section is in the range 49.8fb ∼ 0.22fb. For the anticipated integrated luminosity of
100 fb−1 even for a high integrated luminosity of 1000 fb−1, when the parameter f is not
too high the LHC will copiously produce the ZT t¯ events per year.
It has been shown that the branching ratio of φ+ → tb¯ is approximately equal to 100% for
the mixing parameter M > 10 GeV [12]. Thus, the dominant decay mode T → φ+b → tb¯b
can make the processes pp → ZT t¯ + ZtT¯ give rise to the tt¯bb¯bb¯ final state with Z → bb¯.
For this final state, the main backgrounds come from the SM processes pp → tt¯ZZ + X
and pp → tt¯hh + X with Z → bb¯ and h → bb¯, where the additional jets (light quarks
or gluons) may be misidentified as b-quarks. The relevant studies [19] have found that
the largest background tt¯bb¯jj can be suppressed by enhancing the ability to tag b-jets.
Furthermore, a systematic signal-to-background analysis including the observability of the
processes pp→ ZT t¯+ZtT¯ would depend on Monte Carlo simulations, which is beyond the
scope of our discussion.
VI. CONCLUSIONS
In this paper, we studied the top quark pair production associated with a Z boson in the
LRTH model at the ILC and the LHC. For the production of Ztt¯ at the ILC, we found that
the deviation from the SM prediction of the cross-section can reach over 10% in magnitude
and this effect should be observable [20]. For the production of Ztt¯ at the LHC, we found that
the deviation from the SM prediction of the cross-section can reach over 5% in magnitude
when the scale f < 800 GeV. For the new production channel of ZtT¯ or ZT t¯, we found that
the ZtT¯ production can have a sizable production rate when the scale f is not too high.
Considering the dominant decay mode T → φ+b→ tb¯b with Z → bb¯, the production of ZtT¯
or ZT t¯ may have the less background than the Ztt¯ production, and thus this new channel
may likely be observable at the LHC.
Acknowledgments:
We appreciate the helpful suggestions from Jinmin Yang and thank Yaobei Liu for useful
discussions. This work is supported by the National Natural Science Foundation of China
(NNSFC) under grant Nos. 11347140,11305049, and by the Education Department of Henan
under Grant No. 13A140113.
[1] CDF Collaboration (Abe F., et al.), Phys. Rev. Lett, 74 (1995) 2626; D0 Collaboration
(Abachi S. et al.), Phys. Rev. Lett, 74 (1995) 2632.
[2] Q.-H. Cao et al., Phys. Rev. D81, 114004 (2010); G. Rodrigo and P. Ferrario, Nuovo Cim.
C 33, 04 (2010); Cao J. J., Heng Z. X., Wu L. and Yang J. M., Phys. Rev. D, 81 (2010)
014016. M. I. Gresham et al., Phys. Rev. D, 83 114027 (2011); J. F. Kamenik, J. Shu and
J. Zupan, arXiv:1107.5257 [hep-ph]; Cao J. J., Wang L., Wu L. and Yang J. M., Phys. Rev.
D, 84 (2011) 074001; L. Wang, L. Wu and J. M. Yang, Phys. Rev. D, 85 075017 (2012);
S. Westhoff, arXiv:1108.3341 [hep-ph]; C. Han, N. Liu, L. Wu, J. M. Yang and Y. Zhang,
arXiv:1212.6728 [hep-ph]; D. Choudhury, R. M. Godbole, S. D. Rindani and P. Saha, Phys.
Rev. D, 84 014023 (2011); B. F. Yang . and N. Liu , Eur. Phys. Jour. C, 73 (2013) 2570; J.
Z. Han, B. Z. Li, X. L. Wang, Phys. Rev. D, 83 (2011) 034032; Cao J. J., Wu L. and Yang
J. M., Phys. Rev. D, 83 (2011) 034024; C. Han, N. Liu, L. Wu and J. M. Yang, Phys. Lett.
B, 714 295 (2012); J. Cao, K. Hikasa, L. Wang, L. Wu and J. M. Yang, Phys. Rev. D, 85
014025 (2012).
[3] Altarelli G. and Mangano M. L., CERN yellow report, Geneva, 2000; Francois Richard,
arXiv:1304.3594 [hep-ph]; N. Liu and L. Wu, Commun. Theor. Phys, 55 (2011) 296; N. Liu,
L. Guo, W. -G. Ma, R. -Y. Zhang and L. Han, Phys. Rev. D, 82 015009 (2010).
[4] Aguilar-Saavedra J. A. et al., (ECFA/DESY LC physics working group collaboration), DESY
2001-011, ECFA 2001-209, hep-ph/0106315; Dai L., Ma W. G., Zhang R. Y., Guo L. and
Wang S. M., Phys. Rev. D, 78 (2008) 094010; N. Liu, J. Ren, L. Wu, P. Wu and J. M. Yang,
arXiv:1311.6971 [hep-ph]; B. F. Yang, J. Z. Han, L. Wang, X. L. Wang, Phys. Rev. D, 83
(2011), 094020.
[5] Baur U., Juste A., Orr L. H. and Rainwater D., Phys. Rev. D, 71 (2005) 054013; Lazopoulos
A., McElmurry T., Melnikov K. and Petriello F, Phys. Lett. B, 666 (2008) 62-65; Lazopoulos
A., Melnikov K. and Petriello F., Phys. Rev. D, 77 (2008) 034021; Liu N., Guo L., Ma W.
-G. , Zhang R. -Y. and Han L., Phys. Rev. D, 82 (2010) 015009; Larios F., Perez M. A. and
Yuan C.-P., Phys. Lett. B, 457 (1999) 334-340; Yang B. F., Han J. Z. and Zhang X. T., Eur.
Phys. Jour. C, 73 (2013) 2639.
10
[6] Bar-Shalom S., Atwood D. and Soni A., Phys. Lett. B, 419 (1998) 340-347; Dai L., Ma W.
-G, Zhang R. -Y., Guo L. and Wang S. -M., Phys. Rev. D, 78 (2008) 094010; Bohdan G. and
Jacek P., Phys. Rev. D, 60 (1999) 115018; N. Liu and L. Wu, Commun. Theor. Phys, 55
(2011) 296; Liu N., Phys. Lett. B, 707 (2012) 137.
[7] CMS Collaboration Phys. Rev. Lett, 110 (2013) 172002.
[8] ATLAS Collaboration, ATLAS-CONF-2012-126; ATLAS-COM-CONF-2012-116.
[9] Chacko Z., Goh H. S. and Harnik R., Phys. Rev. Lett, 96 (2006) 231802; Chacko Z., Nomura
Y., Papucci M. and Perez G., JHEP, 0601 (2006) 126.
[10] Chacko Z., Goh H. S. and Harnik R., JHEP, 0601 (2006) 108.
[11] Falkowski A., Pokorski S. and Schmaltz M., Phys. Rev. D, 74 (2006) 035003.
[12] Goh H. S. and Su S. F., Phys. Rev. D, 75 (2007) 075010.
[13] Goh H. S. and Krenke C. A., Phys. Rev. D, 76 (2007) 115018; Batra P. and Chacko Z., Phys.
Rev. D, 79 (2009) 095012; D. P. Yang, B. F. Yang, Mod. Phys. Lett, A, 27 (2012) 1250024;
Shen J. F., Cao J. and Yan L. B., EPL, 91 (2010) 51001 [hep-ph]; Liu Y. B., Wang X. L.
and Han H. M., EPL, 81 (2008) 31001; Y. B. Liu, Z. J. Xiao, arXiv:1312.4004 [hep-ph]. Y.
B. Liu, S. Cheng, Z. J. Xiao, Phys. Rev. D, 89 (2014) 015013; J. Z. Han, D. P. Yang, X. L.
Wang, Mod. Phys. Lett, A, 26 (2011) 1577-1586; B. Z. Li, J. Z. Han, Chin. Phys. Lett, 28
(2011) 041201; Han J. Z. and Li B. Z., Commun. Theor. Phys, 60 (2013) 205-209.
[14] Particle Data Group (Amsler C.et al.), Phys. Lett. B, 667 (2008) 1.
[15] [ATLAS Collaboration] (Aad G. et al.), Phys. Lett. B, 716 (2012) 1-29; (CMS Collaboration)
Chatrchyan S. et al., Phys. Lett. B, 716 (2012) 30.
[16] American Linear Collider Working Group Collaboration (T. Abe., et al.), in Proccedings.
of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001),
edited by N. Graf, arXiv:hep-ex/0106057.
[17] CTEQ collaboration (Lai H. L., et al.), Eur. Phys. Jour. C, 12 (2000) 375.
[18] Baur U., Juste A., Rainwater D. and Orr, L. H., Phys. Rev. D, 73 (2006) 034016.
[19] Moretti M., Moretti S., Piccinini F., Pittau R. and Polosa A. D., JHEP, 0502 (2005) 024;
Mangano M. L., Moretti M., Piccinini F., Pittau R. and Polosa A. D., JHEP, 0307 (2003)
001.
[20] Berger C. F., Perelstein M. and Petriello F., MADPH-05-1251, SLAC-PUB-11589,
hep-ph/0512053.
11
